Summary. Progesterone in Antarctic fur seals was undectable from 1\p=n-\2 days before parturition to 4\p=n-\6 days after parturition. There was a rapid increase in progesterone to 20 ng/ml between 6 and 10 days post partum and this increase coincided with peak concentrations of oestradiol-17\g=b\ at the time normally associated with oestrus and mating in this species. Newly formed corpora lutea were present in the ovaries by Day 9 post partum even though the seals had been isolated in an enclosure and not mated. Thereafter, progesterone remained detectable, but at a low concentration (5 ng/ml) throughout embryonic diapause. A similar pattern was observed in unmated females which suggests they enter a period of pseudopregnancy. Progesterone increased to 35 ng/ml between late February and mid-March, indicating activation of the corpus luteum at the end of diapause, and then declined slowly through the remainder of gestation. Plasma prolactin, measured against a human prolactin standard, was elevated from 1\p=n-\2 days before parturition and peaked at 0\p=n-\3 days post partum. It then declined slowly throughout the post-partum period and remained at a low level throughout embryonic diapause. Prolactin concentration declined to undetectable at the end of diapause and before the end of lactation. Reduction of prolactin secretion by injections of bromocriptine from Days 3 to 5 post-partum terminated lactation. Mothers, which normally leave their pups to feed at sea on about Day 7 post partum, did not continue to lactate beyond Day 7 although this did not appear to be associated with reduced prolactin secretion. Bromocriptine treatment appeared to prevent the post \ x=req-\ ovulatory surge of progesterone although there was no long-term effect of bromocriptine on progesterone secretion during the early stages of embryonic diapause/ pseudopregnancy. This study has shown that prolactin is an important hormone for maintaining early lactation in the fur seal and it probably also has a role in the control of ovulation and luteal development. Prolactin does not appear to be implicated in the control of lactation cycles in fur seals. Changes in plasma progesterone during the annual cycle show that the pattern in fur seals resembles that of some carnivores with embryonic diapause.
Introduction
Reproduction in pinnipeds is characterized by synchronous annual cycles and a period of embryonic diapause lasting 3-4 months (Daniel, 1981; press). Amongst the otariids (sea lions and fur seals), mating occurs 6-10 days post partum. In the Antarctic fur seal (Arctocephalus gazella) lactation lasts about 4 months (December to April) and during this time females alternate between foraging at sea for 3-6 days and being ashore to feed their pups for 1-2 days (Doidge & Croxall, 1989) . The mean time between arrival at the colony and birth is 43 h (Doidge et ai, 1986) and mothers begin to suckle within a few hours of parturition. The number of secondary follicles in the ovaries begins to increase at parturition (Laws, 1956; Craig, 1964; Boyd, 1983) , suggesting an increased rate of folliculogenesis at this time and this leads to ovulation several days later. Previous studies of pinnipeds have shown that progesterone secretion declines in advance of parturition and is undetectable until ovulation when secretion resumes from the new corpus luteum (Raeside & Ronald, 1981;  Boyd, 1983;  Reijnders, 1990) .
Prolactin has a central role in the development of the mammary gland and the maintenance of lactation in many mammals, although this is often associated with an effect of regular suckling on prolactin secretion (e.g. McNeilly et ai, 1982; Loudon et ai, 1983; Schirar et ai, 1990) . In the fur seal, it seems less likely that nipple stimulation is responsible for the maintenance of lactation because mothers are regularly separated from the pup while feeding at sea for periods of several days (Doidge et ai, 1986; Doidge & Croxall, 1989) . Prolactin is also implicated as a luteotrophic hormone in several carnivores (Murphy, 1979; Agu et ai, 1986; Concannon et ai, 1987) and it may be partly responsible for luteal reactivation at the end of embryonic diapause (Martinet et ai, 1981; Murphy et ai, 1981) . Therefore, prolactin is likely to have a significant role in the physiological control of the post-partum oestrous cycle, embryonic diapause and lactation in pinnipeds.
Antarctic fur seals are a major predator in the ecosystem of the Southern Ocean (Croxall et ai, 1988) . Lactation is the stage of the reproductive cycle when there is greatest energetic stress on females (Boyd & McCann, 1989; Doidge & Croxall, 1989; Costa et ai, 1989) and the success of lactation may be used as a measure of the resources available to the population (Croxall et ai, 1988) . It is important to understand the link between the behaviour of lactating females, particu¬ larly in relation to the duration and characteristics of their foraging-suckling cycles, and the endo¬ crine control of reproduction. This study examined some endocrine changes occurring during the lactation cycles of these seals and, in particular, the role of prolactin in the control of lactation. This involved (a) treating lactating females with the dopamine agonist bromocriptine to reduce circu¬ lating prolactin concentrations and (b) extending the period of time spent ashore by mothers to examine the hormonal changes which normally occur when females leave their pup and depart to feed at sea. Additional aims were to describe the annual cycle of plasma progesterone and prolactin concentrations and the hormonal changes occurring between parturition and oestrus.
Materials and Methods
Study animals and measurements. Adult female Antarctic fur seals, which were part of the large breeding population (~5 0 000) at Bird Island, South Georgia (54°S, 38°W ), were used in this study. Individuals were captured with a noose pole and restrained by the method of Gentry & Holt (1982) . Females used in the experiments involving measurements between parturition and oestrus were captured within 24 h of arriving at the breeding colony and before they had given birth. These seals were placed in a 6 m 4 m enclosure which was within 30 m of one of the main breeding beaches. No more than 8 seals were in the enclosure simultaneously and this meant that the seals were kept at a density similar to that which may be found on the breeding beaches. The purpose of enclosing females was both to exclude males and to allow females to be sampled at regular intervals without the stress of capture.
Blood (usually 3-5 ml) was sampled from a rear flipper into heparinised syringes (Sarstedt Ltd, Leicester LE4 1AW, UK) which were then centrifuged within 1 h of collection at 2000 g for 10 min. Plasma was stored at -20°C and returned to the UK by ship.
Seals were weighed while in a restraint board (Gentry & Holt, 1982) , using a 100 kg spring balance (accuracy 0-25 kg, < 1% of mean post-partum mass) suspended from a tripod. Pups were weighed by placing them in a light nylon bag and suspending them from a 10 kg spring balance (accuracy of the balance 005 kg, < 1% of birth mass). Experiment I. Blood samples (n = 103) were obtained from adult female Antarctic fur seals at different times of the year. Females are normally only ashore at the breeding grounds during the pup rearing period (December-April) (Boyd, 1989) and at other times they are feeding at sea. Therefore, most samples were obtained from seals captured during the pup rearing period, when many of the seals sampled were seen with their pups. Females are rarely seen ashore during the winter (April-October) Hormone assays. Oestradiol-17ß, progesterone and prolactin were assayed using an enzyme immunoassay developed for the measurement of these hormones in human plasma ('Serozyme', Serono Diagnostics Ltd, Woking, Surrey GU21 5JY, UK). In this study, the assays were modified to use small volumes of plasma by reducing the total volume of the assays by one quarter and running them on micro-titre plates. All reagents were used at the concen¬ trations at which they were supplied. In the case of the steroid assays, plasma (50 µ for oestradiol and 12-5 µ for progesterone) was incubated at 37°C for 20 min with fluorescein-labelled monoclonal antibody and a standard quantity of enzyme labelled steroid. In the prolactin assay, plasma (25 µ ) was incubated at 37°C for 20 min with two monoclonal antibodies specific to different parts of the prolactin molecule. One was labelled with fluorescein and the other with enzyme. Anti-fluorescein coupled to a magnetic solid phase was then added in excess and incubated at 37°C for 10 min. After magnetic separation, the supernatant was discarded and the sediment was washed with sodium phosphate buffer. Separation was repeated and the sediment was incubated for 30 min at 37°C with a standard volume of enzyme substrate before the reaction was stopped with a weak solution of sodium hydroxide as provided by the suppliers of the assay. The blank-corrected absorbance of the supernatant was then read at 550 nm on a Cambridge Life Sciences CLS962 Microplate Photometer and hormone concentrations were determined from a standard curve run in duplicate with each plate. Samples of seal plasma were assayed in duplicate. The prolactin standard was human prolactin with biological activity calibrated against the 2nd IRP for hPRL (83/562).
Pooled plasma from male fur seals was used as the blank in both the steroid assays and assay diluent was used in the prolactin assay. These gave values below the limits of detection which were the concentrations equivalent to the absorbance of the blank minus (or plus in the case of the prolactin assay) two standard deviations (20 pg/ml for oestradiol, 0-2 ng/ml for progesterone and 0-5 ng/ml for prolactin). Addition of a known mass of steroid gave mean recoveries of 80-35 ± 3-1 % for oestradiol and 112-5 ± 12-5% for progesterone. A plasma sample which gave a high (40 ng/ml) value for prolactin in the assay was diluted in assay diluent at 1:1-5 to 1-25 and this gave a dilution curve parallel to the standard curve. The slope of the regression between observed and expected values was 1-3 and the regression coefficient (r2) was 0-954. The top prolactin standard (250 ng/ml or 5000 µ i.u./ml) diluted in seal plasma also gave a dilution curve parallel to the standard curve, suggesting that plasma effects did not invalidate the assay. In the circumstances, it was not possible to validate the assay using dilution of pituitary extracts, although this procedure will be carried out in due course. The intra-assay coefficient of variation was 8-4%, 6-1% and 9-1% for oestradiol, progesterone and prolactin respectively and the inter-assay coefficient of variation was 9-4%, 6-4% and 15-8% for oestradiol, progesterone and prolactin respectively. These coefficients of variation were calculated for quality controls of 170 pg/ml, 5-4 ng/ml and 6-5 ng/ml for oestradiol, progesterone and prolactin respectively. The values of quality control samples supplied with the assay kits were within the range quoted by the supplier. Cross-reactions in the oestradiol assay were only significant for oestradiol sulphate (5-2%) and oestradiol 3ß-D-glucuronide (81-1%). In the progesterone assay there was 100% cross-reaction with 1 la-hydroxyprogesterone and other significant cross-reactions were with pregnenolone-3-glucuronide (80%) and 5a-pregnanedione (14-5%). There was no significant cross-reaction with either 17a-hydroxyprogesterone or 20a-dihydroprogesterone. In the prolactin assay, there were no cross-reactions with hLH, hFSH or hTSH but there was 7% cross-reaction with hGH.
Statistical analysis. Student's t test was used to estimate the probability of mean values of controls being different from treated seals with a limit of significance of 005.
Results
Experiment 1: the annual cycle of progesterone and prolactin
The concentration of plasma progesterone was between 2 and 10 ng/ml for the period between December and February which corresponds to the first half of lactation (Fig. 1) . Between late February and mid-March the concentration increased to 10-30 ng/ml by the final stages of lac¬ tation and remained at 15 ng/ml until August (Fig. 1) . Thereafter, the concentration of progester¬ one declined to < 1 ng/ml during the final few days of gestation (Fig. 1) . Prolactin concentrations were between 1 and 10 ng/ml from birth until early February but then declined to undetectable concentrations from April until September. Prolactin then increased to 5-10 ng/ml at the end of gestation although sampling was not frequent enough to be able to say when the increase occurred between late September and early December. Prolactin declined to undetectable concentrations simultaneously with a rapid increase in the concentration of progesterone in the plasma. Both the increase in progesterone and the decline in prolactin occurred before the end of lactation in early April (Fig. 1) Experiment 2: the post-partum oestrous cycle Plasma progesterone concentration was below the sensitivity of the assay for the first 4-6 days after parturition. Between 4 and 6 days post partum, the plasma progesterone concentration increased sharply although the magnitude of the increase was quite variable (peak at 3-38 ng/ml) (Fig. 2) . The increase in plasma progesterone was usually accompanied by increased concentrations of plasma oestradiol. The concentration of oestradiol showed a clear double peak (60-110 pg/ml) in 5 of the 7 seals; an early peak at 1-3 days post partum and a later peak (90-150 pg/ml) at 5-6 days post partum (Fig. 2) . It is possible that in the other 2 seals, in which only an early peak was observed in one (Seal G, Day 3 post partum) and only a late peak in the other (Seal F, Day 6 post partum), the other peak could have been missed due to the relatively infrequent sampling.
In 5 of the seals plasma prolactin showed a peak concentration (1-5-9-5 ng/ml) at 1-3 days after parturition and the prolactin concentration was generally highest during the early stages of the post-partum period.
Ovulation had occurred in all seals by 9 days after parturition. This was indicated by the presence of an ovulation stigma on the surface of one ovary from each seal and an associated corpus luteum. The contralateral ovary in every female contained a large corpus albicans. Experiment 3: effect of bromocriptine treatment on early lactation All seals were lactating, as judged by the presence of milk, during Days 1-3 post partum. There was no significant difference between the plasma prolactin concentrations of the three groups on the day of birth (P > 01 in each comparison) although the concentration in the plasma of Group D7 animals was significantly lower than in the other two groups at the time of capture (t = 2-60, < 005) (Fig. 3) . At both 7 and 10 days after parturition, the concentration of prolactin in Group brDIO was significantly lower than the concentration in Group DIO (Day 7, t = 2-54, < 005; Day 9, / = 3-77, < 0001). However, the plasma prolactin concentration in each of these groups was not significantly different from Group D7 in samples taken 7 days after parturition ( > 005, Fig. 3 in each group) at capture before birth, on the day of birth, on Days 7 and 10 after birth, on return to the breeding grounds after the first feeding trip (Rl) and when released 2 days later (R2).
On return from their first feeding trip to sea there was no significant difference in the plasma prolactin concentration between any of the groups (P > 01 in all comparisons). There was simi¬ larly no difference between groups on the day when mothers were finally released (P > 001 in all comparisons) (Fig. 3) . All the groups showed a decline in plasma prolactin concentration from the time of capture until the time of final release, although the greatest change occurred between birth and Day 7 post partum. In Group brDIO seals there was a greater decline in plasma prolactin between parturition and Day 7 than in the other two groups.
The concentration of plasma progesterone was below 1 ng/ml in the three groups at capture and parturition (Fig. 3) which confirms the observations in Exps 1 and 2 of low progesterone concen¬ trations at these stages. By Day 7 post partum, the plasma progesterone concentration in all groups had increased significantly (P < 001 in all comparisons using paired t tests), indicating that ovulation had occurred, and there was no significant difference between groups (P > 01). How¬ ever, by Day 10 post partum there was a significant difference between the plasma progesterone concentrations in Groups DIO and brDIO (/ = 3118, < 001). Plasma concentrations of pro¬ lactin increased to 20 ng/ml in Group DIO by Day 10 but were below 4 ng/ml in Group brDIO at the same time. However, by the time these seals returned from their first feeding trips to sea, the plasma concentration in Group DIO had declined to 6 ng/ml and was not significantly different from that in the other groups (P > 001 in each comparison) (Fig. 3) .
Maternal mass was not significantly different between groups at capture or at parturition (P > 01 in all comparisons) but mass declined during the period of captivity (Fig. 4) . This was largely because females gave birth during the experiment but also because, in common with freeranging females at this stage of their cycle, they were fasting. The rate of mass loss after birth was greatest in Groups D7 and DIO and both were significantly greater than the rate in group brDIO up to Day 7 post partum ( This is further illustrated by the mass changes in the pups of females from each group (Fig. 4) . There was no significant difference between the birth mass of pups born to mothers from each group (P > 0-1) but, by Day 7, pups of mothers in Group brDIO had a significantly lower mass than pups from the other groups (P < 002) and this difference was maintained until Day 10 (Fig.  4) . Pups in Group DIO lost mass between Days 7 and 10 despite the presence of their mothers. All seals departed for sea immediately they were released from the enclosure for the first time except 3 of the 6 seals in Group D7 which were mated before they departed to sea. No seals in the other two groups were mated after release.
Discussion
There is a remarkable degree of consistency of reproductive pattern across all pinniped species (Daniel, 1981;  Boyd, 1990) . The annual cycle of reproduction in the Antarctic fur seal is similar to, but 6 months out of phase with, that of its close relation, the northern fur seal (Callorhinus ursinus) (Craig, 1964) . Daniel (1981) showed that the plasma progesterone concentrations of female northern fur seals, sampled in much the same way as in this study, remained at a low level until 1-4 weeks before implantation when there was a rapid increase. However, he was unable to obtain samples from females during post-implantation gestation and did not describe any detail of hormonal changes occurring during the perinatal period when oestrus and mating occur.
The increased concentration of progesterone in the samples obtained in March (Fig. 1) prob¬ ably signals activation of the corpus luteum after a period of relative, although not complete, quiescence during embryonic diapause. There are no data from Antarctic fur seals to show when placentation occurs but regressing fetal length against date for large samples of northern fur seal fetuses has shown that implantation occurs 3-4 months after mating (Temte, 1985; Trites, 1990) . Given that the same pattern of fetal growth is likely to occur in the Antarctic fur seal then, in this species, implantation will occur in mid-March.
The physiological importance of the activation of the corpus luteum is uncertain. Plasma pro¬ gesterone increases towards the end of embryonic diapause in black bears (Ursus americanus) (Foresman & Daniel, 1983) and amongst the mustelids which have delayed implantation, the corpus luteum is generally inactive throughout the period of diapause but shows reactivation before implantation (Mead, 1981) . Ovariectomy in some species has demonstrated that the ovary is necessary for long-term blastocyst survival (Mead, 1981) . It is uncertain whether the low concen¬ tration of progesterone in the circulation during diapause, as observed in this study, originates from the corpus luteum. In unmated hooded seals (Cystophora cristata), plasma progesterone con¬ centrations appear to remain slightly elevated for approximately the same duration as the period of embryonic diapause and then decline (Noonan & Ronald, 1989 ). This was predicted by Boyd (1984) and Reijnders (1990) has made a similar observation for harbour seals (Phoca vitulina) which suggests that the elevated plasma progesterone concentrations during embryonic diapause are independent of the presence of a blastocyst. Thus, after ovulation seals may enter a period of pseudopregnancy the duration of which is roughly equivalent to the duration of embryonic diapause. Daniel (1981) (Mustela vison) , another species which shows delayed implantation (Sundqvist et ai, 1989) , implantation is also marked by an increase in plasma progesterone but this is preceded by increasing plasma prolactin (Martinet et ai, 1981) . Treatment of mink with exogenous prolactin can advance the time of implantation (Papke et ai, 1980; Murphy et ai, 1981; Martinet et ai, 1981) . The pattern of prolactin secretion during the annual cycle in Antarctic fur seals suggests a role for prolactin different from that in mink because there was a gradual decline in plasma concentrations throughout embryonic diapause. Temte (1985) recognized the significance of the timing of implantation in fur seals in relation to the annual cycle of photoperiod. The extreme synchrony of births, both within and between years (Duck, 1990) , suggests that the timing of reproduction is linked to a highly predictable environmen¬ tal variable like photoperiod. In species which are distributed over a wide range of latitude, such as the northern and Antarctic fur seals, individuals will be exposed to different photoperiodic con¬ ditions except during the equinoxes. Synchrony within the whole population may, therefore, only be achieved by using the equinoctial photoperiod to stimulate blastocyst reactivation. Evidence from this study suggests that reactivation in the Antarctic fur seal does occur close to the autumnal equinox.
While the plasma hormone profiles during the post partum oestrous cycle showed some vari¬ ation between individuals, there was a consistent general pattern. This involved elevation of pro¬ lactin soon after parturition followed closely by elevation of oestradiol, probably associated with the development of the preovulatory follicle. There then followed a decline of these hormones before a second increase in oestradiol, which occurred in some cases simultaneously with the rapid rise in progesterone at ovulation and was probably of luteal or interstitial origin. In grey seals (Halichoerus grypus) and southern elephant seals (Mirounga leonina) a wave of follicle development follows parturition (Laws, 1956; Boyd, 1983) and this leads to a single preovulatory follicle being present in one ovary by the time of oestrus. Folliculogenesis is similar in the northern fur seal (Craig, 1964) and the pattern of hormone secretion in the post-partum period suggests that the same sequence of events occurs in the Antarctic fur seal.
Prolactin has been recognized as an important hormone in the development of the corpus luteum of several carnivores (Murphy, 1979; Murphy et ai, 1981; Agu et ai, 1986; Concannon et ai, 1987) . Measurements of seal peptide hormones are limited by the lack of fully varifiable hormone assays and in this study prolactin concentration can only be considered in relative rather than absolute terms because measurements were made using an assay for human prolactin. How¬ ever, this study has shown that reduction of prolactin by bromocriptine treatment during the pre¬ ovulatory period caused the failure of the peri-ovulatory peak of progesterone (Fig. 3) . The long-term consequences of this for reproduction were not addressed in this study but, in sheep (Ovis sp.), prolonged suppression of prolactin during oestrous cycles can reduce the ovulation rate (Rodway et ai, 1983 (Craig, 1964; Sinha & Erickson, 1972; Bigg & Fisher, 1975; Boyd, 1984; Hill, 1987) and comparisons with mustelids would suggest that seals are induced ovulators. However, this study has demonstrated that spontaneous ovulation occurs in the Antarctic fur seal. Northern fur seal females prevented from being mated at the post-partum oestrus do not give birth in the following season (Gentry, 1981) , showing that the northern fur seal is monoestrous; it seems probable that Antarctic fur seals are also monoestrous.
Reactivation of the blastocyst, defined by increasing plasma progesterone, occurred before weaning suggesting that there is no direct link between weaning and blastocyst reactivation. In most fur seals, lactation lasts at least 1 year (Oftedal et ai, 1987; Boyd, 1990) and during this time females are normally pregnant. The northern and Antarctic fur seals are thought to have shorter periods of lactation because of the special circumstances associated with the feeding ecology of these seals in the seasonal environments at high latitudes (Gentry et ai, 1986) . Therefore, from the pattern seen in other closely related species a close link between the physiological changes associated with the termination of diapause and with weaning would not have been predicted.
Prolactin concentrations are elevated before parturition and this suggests that prolactin has a role in the development of mammary function. Reduction of prolactin secretion by treatment with bromocriptine during the perinatal period caused termination of lactation, as judged by the reduced rate of mass loss by mothers and the decline of pup mass when the mass of pups in the control groups increased. Therefore, prolactin secretion, at least in the early stages of lactation, appears to be vital for the maintenance of lactation. It would also appear that prolactin secretion in Antarctic fur seals is under dopaminergic control because bromocriptine is a known dopamine agonist (e.g. Agu et ai, 1986) .
Lactation in Antarctic fur seals is unusual for mammals because lactating mothers normally leave their pups for several days during feeding trips at sea (Doidge & Croxall, 1989 Loudon et ai, 1983; Schirar et ai, 1990) . In this study, mothers kept in the enclosure for up to 10 days post partum stopped lactating after Day 7 when females would normally have gone to sea, as judged by the decline in pup mass over this period. While prolactin concentrations were relatively low at this time there was no evidence of a sharp decline associated with the temporary termination of lactation and prolactin had not increased significantly when females returned to feed their pups after their first feeding trip. Therefore, although lactation can be terminated by the artificial reduc¬ tion of prolactin, the lactation cycles in Antarctic fur seals, which involve mothers going to sea to feed, are unlikely to be caused by a similar endogenous process. I thank T. Barton, N. J. Lunn, S. Rodwell and T. D. Williams for assistance in the field.
